We examined the effect of augmenting black light trap with CO 2 at two release rates for monitoring and surveillance of Culicoides at northern latitudes. Species composition was highly correlated among black light (BL) traps with no CO 2 (BL0 traps) and traps augmented with 300 and 1000 ml/min CO 2 (BL300 and BL1000 traps, respectively); however, traps augmented with CO 2 captured one to three more rare species than BL0 traps and can detect rare species that might be missed if BL0 traps were used. Addition of CO 2 increased the number of individuals captured from 1.4 to 38.5-fold for BL300 traps and from 1.5 to 153.5-fold for BL1000 traps. This advantage may be lost in areas with low abundance as might be expected at the limits of species. The daily probability of detecting a species was greater for traps augmented with CO 2 , but this can be compensated for by operating BL0 traps for sufficient time. The association between numbers captured by BL0 and BL300 and BL1000 traps also suggests that BL0 traps may provide useful measures of relative abundance for Culicoides sonorensis, Culicoides davisi, and Culicoides riethi, again providing the BL0 traps are left to operate for some period. Measurements of diel activity were influenced by trap type only for a single species and were primarily determined by solar radiation, temperature, and windspeed. Overall, the use of BL0 only traps for widescale surveys is supported, especially given their convenience.
may undersample species that fly during daylight hours, and provide little information on host preference and biting rates ). Short summer nights at more northerly latitudes may also reduce light trap efficacy . Additional sampling methods, such as the addition of CO 2 , have been recommended to overcome these issues ) that might be experienced at higher latitudes in areas such as Alberta. However, this needs to be evaluated as species vary in response to CO 2 ; some, such as C. sonorensis and Culicoides nebeculosus (Meigen) have a clear response to CO 2 (Mullens 1995 , while others such as C. obsoletus Meigen do not (Gerry et al. 2009 .
This study was therefore conducted to determine if augmenting BL traps with CO 2 at two release rates would provide additional benefits to sampling solely using BL light. We used traps equipped with rotating collectors to sample eight 3-h intervals during a 24-h period, so we could examine effects on daily as well as within-day captures. We focused our analysis on three areas relevant to vector surveillance. Firstly, we examined the impact that CO 2 augmentation would have on using BL traps for determining the species composition of Culicoides in an area and on detecting the presence of a species. Secondly, we used major-axis regression and concordance correlation coefficients to determine if relationships existed between the daily numbers captured by BL traps and BL traps augmented with CO 2 . Finally, we determined if addition of CO 2 influenced measures of flight activity and developed relationships to examine the effects of selected meteorological variables on flight activity.
Materials and Methods
Sampling was conducted at two locations in southern Alberta during the summer of 2011. Site 1 was a rangeland site (49° 19′26″ N, 112° 9′57″ W; elevation 960 m) located in the valley of a coulee near the shore of a pond with shallow, silty margins. Soils in the area are saline, shallow regosols. A small livestock paddock was located ~500 m from the developmental site. This site was selected because it is associated with large numbers of biting flies (Lysyk 2006) including Culicoides sonorensis, the principal vector of bluetongue virus. Site 2 was located on the grounds of Lethbridge Research Center (LRC) (49° 41′30″ N, 112° 45′53″ W; elevation 905 m) and was selected for its easy access and proximity to cattle maintained on feed.
Sampling was conducted using 12V BL (wavelength range 320-420 nm) traps (Model 912, J. W. Hock Inc., Gainesville, FL) equipped with a rotating motorized turntable (Collection Bottle Rotator CBR -Model 1512 J. S. Hock, Gainesville, FL) with eight collection jars to segregate captures into 3 h collection intervals. The collection jars were partially filled with propylene glycol to entrap and preserve insects. Traps were mounted on posts ~1 m above ground and powered with a 12-V battery.
Three types of traps were deployed at each location. These included a BL trap with no CO 2 , (BL0), a BL trap augmented with 300 ml/min CO 2 (BL300), and a BL trap augmented with 1000 ml/ min CO 2 (BL1000). Carbon dioxide was provided through a hose that ran from a compressed gas cylinder to the trap between the BL and fan to release CO 2 . Each cylinder was equipped with a two-stage regulator to deliver constant flow rates of 300 and 1000 ml/min to simulate the output from a calf and cow, respectively (Mullens and Gerry 1998) . The three traps in each location were spaced ~30 m apart along the shorelines of the ponds to prevent interference among traps. The trap sites were similar with no shading or interfering vegetation. Traps were operated on the same days at each site for three consecutive 24-h cycles for 3 d a week at each site for 10 wk between 12 July and 30 September. Catch jars were harvested every morning after a night of sampling and replaced with fresh propylene glycol. The position of the traps on the first day was assigned at random using a random number generator, then was changed daily, so that each trap type occupied each position during the 3 d of operation. Due to trap failures and malfunctions such as loss of power and rotor jamming, five of the 30 sampling dates were deleted from site 1, and one was deleted from site 2. The samples were labeled by date, site, trap, and collection interval and returned to the laboratory. Insects were preserved in 70% alcohol for later counting and identification using available keys (Jamnback 1965 , Atchley 1967 , Wirth and Blanton 1969 , Atchley 1970 , Wirth and Rowley 1971 , Wirth et al. 1985 , Holbrook et al. 2000 . Members of the Culicoides palmerae group were classified as Culicoides davisi Wirth and Rowley based on identification of 14 of 15 males. No males of the Culicoides (Selfia) subgenus were collected, so these could not be resolved to species.
Weather Data
Hourly average temperature and windspeed data were collected from the Environment Canada reporting stations nearest sites 1 and 2 (Milk River and Lethbridge CDA, respectively). These were located within 23 and 0.5 km of the respective sites. Hourly average incoming solar radiation data were obtained from the Alberta Climate Information Service reporting station (http://www.agric.gov.ab.ca/ acis/alberta-weather-data-viewer.jsp) closest to each site, located within 23 and 1.6 km of the respective sites. The average temperature, windspeed, and incoming solar radiation were calculated for each collection interval
Statistical Analysis

Species Collected
The total numbers of each species captured at each site were calculated and Spearman's ranked correlation used to determine if ranked abundance was consistent among sites. The total numbers of each species captured per trap type were also calculated for each site, and Spearman's rank correlation used to determine if ranked abundance of each species was consistent among trap types at each site.
Daily captures of each species per trap type were calculated by adding the numbers collected at each site over each 24-h collection period. Analyses for each species were restricted to days when at least one individual of a species was captured at a site to avoid including days when members of the species may not have been present.
Effect of CO 2 on Numbers Captured
Negative binomial regression (MASS Package, R, Venables and Ripley 2002) was used to determine if daily captures varied among trap types and sites. Linear contrasts (Hothorn et al. 2008 ) were used to compare mean trap captures across sites and to separate mean numbers captured for each trap type and site combination.
Probability of Detection
Daily captures were also used to calculate the probability of detecting a species for each type of trap. The probability of detecting a species was calculated for each type of trap as p i = x i /n, where x i = the number of days the species was detected using one type of trap and n = the total number of days a species was detected using any type of trap. Cochran's Q test (Hervé 2018 ) was used to determine if the probability of detection varied among the trap types for each species. The number of days a trap would have to be deployed to have a 95% chance of capturing a species was calculated by solving for d in the expression 1 − (1 − p i ) d = 0.95, where (1 -p i ) is the probability of not capturing a species when it was detected using another type of trap and (1 -p i ) d is the probability of not capturing a species after d days.
Relationships Among Daily Trap Captures
The daily numbers of each species captured using each type of trap was transformed to log 10 (x + 1) and the relationship between captures using BL0 and both BL300 and BL1000 traps determined using major axis regression (Legendre 2018) . Major axis regression is used to determine relationships between two variables that are both subject to variation (Ludbrook 2002) , such as between two measures of abundance. Concordance correlation coefficients were calculated as measures of the degree of association between measures (Signorell et al. 2017 ). The analysis was repeated using data averaged over each 3-d sample period to determine if increasing the duration of the sample interval improved the relationships among the indices obtained with each type of trap.
Flight Activity
This analysis used data collected during each of the eight 3-h collection intervals. Nonlinear regression (SYSTAT Inc. 2009 ) was used to determine if the proportion of times a collection period was positive (p) was related to the log 10 (mean + 1) number of females captured during the collection period by fitting the relationship p = 1 − exp(− [X/a] b ), where X = log(mean + 1).
Logistic regression was used determine the effects of site, trap, and meteorological variables on the flight activity of each species of Culicoides. The response variable was a measure of flight activity during each collection period determined using methods outlined by Taylor (1963) that allows separating the effects of flight activity from population changes. This method has been used previously to examine the effects of temperature on activity of other Diptera (Semakula et al. 1989 , Lysyk 1995 . For each species, a variable Y was assigned a value 1 if an individual of a given species was collected during an interval and 0 if no individuals of that species were collected. Site and trap effects were evaluated using dummy variables. The variable SITE was assigned the value 1 for Site 1 and 0 for site 2, BL300 was assigned the value 1 for traps augmented with 300 ml/min CO 2 and 0 otherwise, and BL1000 was assigned the value 1 for traps augmented with 1000 ml/min CO 2 and 0 otherwise. The latter two variables measure changes in trap capture by BL300 and BL1000 traps relative to captures by BL0 traps. Explanatory variables considered included the main effects of SITE, BL300, BL1000, temperature, windspeed, and incoming solar radiation, as well as the two-way interactions between the meteorological variables. Consistency of response to solar radiation (as a surrogate for time of day) was evaluated by also considering the interactions between the trap variables BL300 and BL1000 with solar radiation.
Forward selection was used to select which variables contributed to flight activity for each species. Logistic regression models were fit using an auto-correlated error structure between successive collection intervals (Halekoh et al. 2006) . Variables were entered singly and the variable with the greatest sequential Wald statistic retained. Further variable selection was based on adding remaining variables to the model and retaining the variable with the greatest sequential Wald statistic. This was repeated until no variables contributed significantly (P < 0.05) to the model.
Results
Species Collected
Twelve species and 8,681 individual Culicoides were captured at site 1, while 11 species and 451 individuals were captured at site 2 (Table 1 ). Ten species were common to both sites; however, the ranked abundance of these were not consistent among sites (Spearman's rank correlation = 0.17; n = 10; P = 0.62). C. sonorensis was the most abundant species at site 1, followed by C. davisi and C. riethi Kieffer. These accounted for 89.8% of the Culicoides captured at site 1. Culicoides (Selfia), Culicoides wisconsinensis Jones, Culicoides crepuscularis Malloch, and Culicoides stonei James accounted for an additional 9.5% of the Culicoides captured. Minor species collected at site 1 included Culicoides cockerellii (Coquillett), Culicoides neomontanus Wirth, Culicoides gregsoni Wirth and Blanton, and Culicoides frohnei Wirth and Blanton. At site 2, Culicoides yukonensis Hoffman was the most abundant species and accounted for nearly 38% of the Culicoides collected. Culicoides davisi, C. wisconsinensis, C. crepuscularis, and C. riethi each accounted for 12.4-14.9% of the total captured, and together, these five species accounted for 93% of the total Culicoides captured. Culicoides sonorensis and C. (Selfia) were the sixth and seventh most abundant species at site 2 and accounted for an additional 5.7% of the Culicoides captured. C. neomontanus, C. stonei, C. cockerellii, and C. obsoletus (Meigen) were represented by less than three specimens each, while C. gregsoni and C. frohnei were not captured at site 2. 
Rank correlations among captures using BL0 and BL300 were 0.86 (n = 12; P < 0.01) and 0.90 (n = 11; P < 0.01) for sites 1 and 2, respectively. Rank correlations among captures using BL0 and BL1000 traps were 0.83 (n = 12; P < 0.01) and 0.77 (n = 11; P < 0.01) for sites 1 and 2, respectively. This indicates that the relative abundance of the species captured were similar among trap types within each site. Culicoides sonorensis, C. davisi, and C. riethi were consistently the most abundant in all trap types at site 1. C. crepuscularis and C. wisconsinensis were more abundant than C. (Selfia) in BL0 traps only, and C. cockerellii, C. neomontanus, and C. frohnei were not captured in the BL0 traps but were detected in traps supplemented with carbon dioxide. At site 2, C. crepuscularis and C. riethi were the most abundant captured using BL0 and BL300 traps. The relative abundance of C. yukonensis increased with CO 2 release rate and was the most abundant species in BL1000 traps. C. davisi and C. wisconsinensis completed the top five species in each trap type. C. sonorensis and C. (Selfia) were the next most abundant, and the remaining species were relatively scarce.
Daily Captures
Effect of CO 2 Release on Numbers Captured
The numbers of each species varied among trap types in a manner inconsistent between sites ( Table 2) . Numbers of C. sonorensis, C. davisi, C. (Selfia), and C. wisconsinensis captured at site 1 increased as CO 2 release increased but showed no response to CO 2 at site 2 where abundance was lower. Captures of these species at site 1 increased from 1.4 to 38.5-fold between BL0 and BL300 traps, and from 1.4 to 7.5-fold between BL300 and BL1000 traps. Greater numbers of C. riethi were captured at site 1 compared with site 2, but differences among trap types were not significant. Numbers of C. stonei were too low at site 2 for analysis; however, numbers captured increased with levels of CO 2 at site 1. C. yukonensis was the only species more abundant at site 2 compared with site 1 and showed a significant increase in captures in response to the addition of CO 2 . C. crepuscularis showed no significant variation in trap captures.
Probability of Detection
Adding CO 2 to BL traps significantly increased the 24-h probability of detection for C. riethi and C. (Selfia) only ( Table 3 ). The probability of detection for BL1000 traps was 0.28-0.46 greater than that for the other trap types. The 24-h probability of detection for C. sonorensis, C. davisi, and C. wisconsinensis using BL1000 traps was 0.05-0.15 greater than that of the BL0 traps, while that using the BL300 traps were up to 0.17 greater than that for the BL0 traps. The 24-h probability of detection for C. yukonensis and C. crepuscularis using BL1000 traps was 0.19-0.20 less than that of the BL0 traps, while the probability of detection for the BL300 traps was 0-0.05 greater than that of the BL0 traps. Although BL1000 traps captured more C. yukonensis than the other traps, most of these (129/136) were captured on a single day, resulting in the low 24-h probability of detection for the BL1000 traps for this species. The 24-h probability of detection also did not vary significantly among traps for C. stonei, even though the values for both the BL300 and BL1000 traps were 0.5 greater than for the BL0 trap. This was likely due to small number of positive sample days for this species.
Relationships Among Daily Trap Captures
Major axis regression indicated that relationships between daily captures existed among all trap types for the three most abundant species, C. sonorensis, C. davisi, and C. riethi ( Fig. 1; Table 4 ), but generally not for the remaining species. One exception was a significant relationship between BL0 and BL300 for C. stonei; however, this was due to a single outlier and was discounted due to the low number of data points. For the three most abundant species, intercepts did not vary from zero, but the slopes were significantly greater than 0 (Table 4) based on nonoverlap of 95% confidence limits, indicating a lack of fixed bias but the presence of proportional bias (Ludbrook 2002) . Daily captures also appeared to respond to CO 2 in a dose-response fashion, with BL0 traps capturing proportionally fewer than BL300 and BL1000. The values of the concordance correlation coefficients were moderate between BL0 and BL300 traps (0.46-0.69) and were lower among the BL0 and BL1000 traps (0.31-0.37).
Averaging captures over each 3-d sampling period resulted in improved relationships among the traps, with all intercepts similar to 0 and slopes >0 based on nonoverlap of 95% confidence limits. The concordance correlation coefficients increased and ranged from 0.67 to 0.87 for the relationships between BL0 and BL300 traps, and between 0.44 and 0.61 for the relationships between BL0 and BL1000 traps. 
Flight Activity
The proportion of times a collection period was positive had a nonlinear relationship to the mean number of females captured during that collection period (Fig. 2) . The relationship was p = 1 − exp(− [X/a] b ), and a and b were estimated as 0.86 ± 0.04 and 0.67 ± 0.02, respectively. Parameters were significantly different from 1 based on nonoverlap of 95% confidence intervals, and the model accounted for 89% of the variation in the proportion of positive collection periods. The nature of this relationship suggests that examining positive collection periods will provide a reasonable approximation of activity but will tend to deemphasize extremely large captures.
Site Effects
Logistic regression indicated significant site effects for the five most common species (Table 5) , reflecting their greater abundance at site 1 compared with site 2. The odds ratio for positive collections period at site 1 compared with site 2 ranged from 2.4 to 9.4 and was greatest for C. sonorensis and least for C. wisconsinensis. The site effects reflect the greater abundance at site 1 compared with site 2 for the five most abundant species. The likelihood of positive collection periods was similar between sites for C. yukonensis, C. crepuscularis, and C. stonei.
CO 2 Effects
Baiting traps with carbon dioxide influenced the proportion of positive collection periods only for C. riethi, C. (Selfia), and C. stonei ( Table 5 ). Addition of CO 2 did not affect measurements of diel activity for any of the other species, even in cases where CO 2 increased numbers captured. The effects for C. riethi and C. (Selfia) indicated an increased likelihood of positive collection periods in BL1000 traps, while the likelihood of positive collection periods for C. stonei increased for BL300 and BL1000 traps.
Solar Radiation and Time of Day
Daily activity patterns were similar among C. sonorensis, C. davisi, C. riethi, C. wisconsinensis, and C. crepuscularis (Fig. 3 ). For these, activity was unimodal, with activity lowest during the 1200-1500 h interval (0-3.5% positive collection intervals), increasing during the interval between 1800 and 2100 h (17.5-21.4% of positive periods), and peaking between 2100 and 2400 h (28.2-43.4% positive collection intervals). Activity occurred primarily between 1800 and 0900 h (86.2-94.3% of the positive collection periods) and was reduced between 0900 and 1800 h (5.7-13.2% positive collection periods). Daily activity of C. yukonensis was also unimodal but occurred slightly later with most activity during 2100-0600 h.
Our data suggest C. (Selfia) has a bimodal activity pattern, with increased activity during the 0600-0900 h interval and peak activity during the 1800-2100 and 2100-2400 h intervals. C. stonei may also have bimodal activity with peaks between 1800-2100 h and 0900-1200 h. Maximum solar radiation during the periods each species were sampled ranged from 624 to 780 W/m 2 ; however, 90% of the positive sample periods occurred when solar radiation was ≤210-471 W/m 2 (Table 6 ) depending on the species. Solar radiation had an inverse relationship with the proportion of positive intervals for all eight species; however, in some cases the effect was modified by interactions with other variables. A solar radiation × windspeed interaction occurred for C. sonorensis, where the relationship between positive flight periods and solar radiation was reduced at higher windspeeds compared with lower windspeeds (Fig. 4) . A temperature × solar radiation interaction was observed for C. davisi, C. riethi, and C. crepuscularis. For these species, the relationship between positive flight periods and solar radiation was greatly reduced when temperatures were low. The relationship between positive flight periods and solar radiation was unaffected by other weather variables for C. (Selfia), C. wisconsinensis, and C. yukonensis.
For C. stonei, the relationship between the proportion of positive intervals and solar radiation was expressed as a significant interaction between radiation and BL1000 traps. The proportion of positive intervals measured using BL1000 traps declined with solar radiation, while that measured using BL0 or BL300 traps had no relationship to solar radiation. No other trap type by solar radiation interactions were significant for any other species, indicating that diurnal patterns were consistent among trap types for the other species.
Temperature
Mean temperatures during the 3-h sample intervals ranged from 7.8 to 32.5°C. Captures occurred at temperatures as low as 7.8°C for C. sonorensis and C. riethi, and from 9.6 to 12.9°C for the remaining species (Table 6 ). Maximum temperatures for positive collection periods ranged from 25.8 to 29.3°C across species and 90% of positive collection periods occurred below 22.0-25.8°C across species.
Temperature directly affected the proportion of positive sample periods for all eight species examined. A quadratic relationship between the proportion of positive intervals and temperature was detected for seven species, indicating that flight activity was reduced at lower and higher temperatures, and reached an optimum at intermediate temperatures (Fig. 5) . A linear response to temperature was exhibited by C. sonorensis, while C. yukonensis had only a quadratic term for temperature and no linear term. No optimum could be calculated for these two species, as the reduced frequency of positive flight periods at warmer temperatures was primarily attributed to the presence of solar radiation during periods of warmer temperatures. Optimum temperatures were apparent for the six species with both linear and quadratic terms for temperature in the model. For three of these, C. (Selfia), C. wisconsinensis, and C. stonei, no interactions between temperature and other variables were apparent, and the optimum temperatures for these calculated at ca. 27.5, 23.6, and 22.5°C, respectively. The reduced frequency of positive flight periods for C. (Selfia) at temperatures >20°C can be largely attributed to solar radiation >270 W/m 2 during these warm periods. Three species had interactions between temperature and solar radiation that affected calculation of optimal temperatures for flight. For example, optimal temperatures when solar radiation was <75-270 W/m 2 were ca. 20.4, 19.4, and 19.2°C for C. davisi, C. riethi, and C. crepuscularis, but optima increased to 26.5, 25.5, and 26.3°C for the same respective species when solar radiation was >75-270 W/m 2 .
Wind Speed
Average wind speed during the 3-h sample intervals ranged from 4.7 to 36.7 km/h. Positive sample periods occurred at windspeeds up to 20.3-31.3 km/h depending on species; however, most (90%) (Fig. 6 ). Flight activity of C. sonorensis had a significant windspeed × solar radiation interaction, and declined as windspeed increased during the night, but showed little change with windspeed during the day. Finally, windspeed had a negative effect on flight activity of C. riethi with a windspeed × temperature interaction that resulted in reduced flight activity at lower temperatures.
Discussion
The four most abundant species captured in this study were also the most abundant listed in Lysyk (2006) . Also, seven of the eight most abundant species captured in this study were listed as the most abundant in Lysyk (2006) . Previously, Culicoides cockerellii was eighth most abundant but ninth in this study, while C. stonei, the eighth most abundant in this study, was not captured earlier. This species was previously reported from several states in the western United States (Wirth and Blanton 1971) . Additionally, we recorded a single specimen of C. obsoletus, a species that is more abundant near humans and cattle in north-eastern and central Alberta (Shemanchuk 1972 (Shemanchuk , 1978 .
The relatively high degree of correlation between the species rankings across traps within each site suggests any of the trap types would be useful for studies of biodiversity. The species that were not captured by BL0 traps included C. neomontanus and C. frohnei, both of which were captured using BL0 traps previously (Lysyk 2006 ). These species, and C. obsoletus, were rare in this study and their failure to be captured by BL0 traps may reflect their very low abundance or lack of response to light or CO 2 baited traps. In other studies, addition of CO 2 to CDC type light traps did not increase the number of Culicoides species captured, but addition of CO 2 to Onderstepoort light traps doubled the number of species captured (Venter et al. 2016) . Comparisons of species captured using either UV traps or animal-baited traps typically indicate that UV-baited traps capture greater number of Culicoides species (Carpenter et al. 2008b; Gerry et al. 2009; Viennet et al. 2011 Viennet et al. , 2012 Elbers and Meiswinkel 2014) . Elbers and Meiswinkel (2014) indicated light traps remain useful for studies of Culicoides biodiversity, and our results tend to agree with their assessment. Whether or not these are representative of what are biting animals remains to be determined in our area.
Adding CO 2 to light traps typically increases the numbers captured for individual Culicoides species (Kline et al 1994 , Venter et al. 2016 ), including C. sonorensis (Anderson and Linhares 1989 , Mullens 1995 , McDermott et al. 2016 ). This was observed in this study for six species at site 1 and one species at site 2. Captures also typically increased with CO 2 release rate, consistent with Mullens (1995) who found significant relationships between CO 2 release rate and capture of C. sonorensis. However, increased captures in responses to increasing levels of CO 2 occurred only at the site areas where the abundance of most Culicoides species were higher, and this effect was much less pronounced in areas where abundance was low as there are only a few individuals to capture. This was evident for six species at site 1, as well as for C. yukonensis, the only species that was more abundant at site 2 compared with site 1. While Culicoides species do respond positively to increasing levels of CO 2 in areas with sufficient abundance, the advantage of baiting traps with CO 2 seems to be lost in areas where abundance is low as might be the case along the edges of a species distribution. Trap location in relation to spatial clusters of Culicoides may influence captures (Kirkeby et al. 2013) , even more so than the type of attractant used (McDermott et al. 2016) .
Adding CO 2 to the BL traps only marginally, and in most cases nonsignificantly, improved the probability of detecting a species in a 24-h period. However, BL0 traps can be run for multiple nights; therefore, the ability to detect a species could be modified by operating traps for greater than one night . In the case of BL0 traps, we estimate that running traps for four to five nights would provide a 0.95 probability of detecting C. sonorensis, C. davisi, C. riethi, C. wisconsinensis, C. yukonensis, and C. crepuscularis. These values only marginally differ from those for the BL300 N = number of intervals positive for each taxon, Min. and Max. are the smallest and greatest values associated with positive periods, E 90 = solar radiation below which 90% of the positive periods occurred, T 90 = temperature below which 90% of the positive periods occurred, and W 90 = wind speed below which 90% of the positive periods occurred. and BL1000 traps for the same species. On the other hand, BL0 traps would have to be operated for 10 and 23 d to provide a 0.95 probability of detection for C. stonei and C (Selfia), considerably longer than if BL1000 traps were used. Whether or not samples left in the field for such extended periods would be useable for PCR or virus detection remains to be determined. If CO 2 addition was required, using a release rate of 300 ml/min would be relatively economical.
Captures among trap types were related only for the three most abundant of the Culicoides species. The correlation among these traps suggests they are useful measures of relative abundance and that they appear to measure the same changes in abundance in the local population for at least these three species. The degree of association among trap types in this study was greater than that for BL and BL + CO 2 traps in northern California (calculated based on data in Anderson and Linhares 1989) , but less than that observed between CO 2 traps and biting rates of C. sonorensis on calves in California (Mullens and Gerry 1998) . Viennet et al. 2012 noted a correlation of 0.74 and 0.13 between BL captures and biting rates on animals for C. brunnicans Edwards and C. obsoletus. In our study, the values of the slope and the concordance correlation coefficient were lower between BL0 and BL1000 traps compared with that between BL0 and BL300 traps. Low concordance among BL0 and BL1000 traps may have be due in part to the dose-response nature of attractiveness (Mullens 1995) , with BL1000 traps out-competing the BL0 traps. Also, our results were obtained by sampling for a single day in areas of relatively low abundance. This resulted in a number of zero captures that increased scatter and reduced the variation accounted for, particularly with the BL0 traps. In future studies, this could perhaps be overcome by sampling for longer intervals using the BL0 traps. This is supported in our study since averaging captures over longer periods, up to 3 d, improved the relationships and result in greater concordance among the trap types. Failure to detect significant relationships for the remainder of the species may reflect their overall low abundance and lack of wide variation in abundance.
Flight activity was negatively affected by solar radiation, agreeing with previous observations (Carpenter et al. 2008a . The upper range for flight activity we observed was similar to the levels seen in the previous studies. Solar radiation largely determines the diurnal patterns of flight activity and the relationship to flight activity was consistent among the three trap types as indicated by the lack of significant trap × solar radiation interactions for all species except C. stonei. Further, lack of CO 2 did not affect the proportion of positive intervals for five of the eight species, including C. sonorensis. Effects of CO 2 on the measurement of activity of C. riethi and C. (Selfia) occurred at only the greatest CO 2 release rate, while effects on C. stonei probably reflect the very low capture in the BL0 traps. This suggests that in general, adding CO 2 to BL traps offers little advantage to studying activity patterns of Culicoides species under the conditions we examined. However, our time intervals were 3 h and spaced throughout the day. We may have reached different conclusion if we had sampled for shorter intervals such as 1 h . It also remains to be determined if using host animals as bait would influence measurement of activity in our region. Regardless, the duration of the intervals was sufficient to define periods when Culicoides spp. were most active and would allow timely application of short-term control measures such as topical insecticides that are effective for 12-24 h.
Daily activity patterns have not been extensively studied for many Culicoides species in North America except for C. sonorensis. Diurnal activity patterns of C. sonorensis vary with season (Nelson and Bellamy 1971 , Barnard and Jones 1980 , Linhares and Anderson 1990 , Mullens 1995 . Activity may peak near sunset and after sunrise when temperatures permit (Linares and Anderson 1990) . As temperatures cool, activity may shift before sunset (Barnard and Jones 1980, Mullens et al. 2015) and continue through the night with no morning peak (Linhares and Anderson 1990) , which is the pattern we observed. C. crepuscularis has been reported to have a single peak of activity near dusk (Nelson and Bellamy 1971) but can be active through the night (Barnard and Jones 1980) as we observed. The later activity of C. yukonensis compared with activity above 56° N (Shemanchuk 1972 ) may reflect differences in local conditions or sampling, as Shemanchuk (1972) used humanbaited captures. Animal-baited traps may capture some species of Culicoides earlier than light traps or even CO 2 -baited traps . Members of the C. (Selfia) species group, including Culicoides denningi, may have variable activity patterns with peaks before sunrise and sunset (Fredeen 1969) , while other species are active throughout the night (Nelson and Bellamy 1971) . No information is available on diurnal activity of C. davisi, C. riethi, and C. wisconsinensis.
Temperature and windspeed also affect flight for a variety of species of Culicoides (Kettle, 1969a,b; Campbell and Kettle 1979b; Carpenter et al. 2008b; Sanders et al. 2012 ), although information on temperature thresholds for activity is lacking for many species (Mullens et al. 2015) . The threshold temperature for flight activity of C. sonorensis is usually given as 10°C (Nelson and Bellamy 1971) although others have noted flight occurs as low as 7.2°C (Barnard and Jones 1980, Linhares et al. 1990 ), and we observed activity at 7.8°C for C. sonorensis and C. riethi. The lower threshold for activity of the remaining species is somewhat higher, ranging from 9.6 to 10.7°C for C. davisi, C. (Selfia), C. wisconsinensis, and C. yukonensis and from 11.6 to 12.9°C for C. crepuscularis and C. stonei. Shemanchuk (1972) observed that activity of C. yukonensis and other species ceased at 8°C, slightly lower than we observed for this species. Typically, flight activity had a quadratic relationship with temperature, which was also observed by Sanders et al. (2012) for a variety of Culicoides species in Britain. This type of pattern was indicated in earlier work that suggested temperatures 20-23°C are optimal for flight, and that flight is reduced at lower and greater temperatures (Carpenter et al. 2008b ). This may be a general phenomenon for temperate Culicoides.
We detected significant negative effects of windspeed on flight activity of four species of Culicoides, agreeing with numerous other studies (Kettle 1969a,b; Campbell and Kettle 1979a,b; Carpenter et al. 2008; Sanders et al. 2012 ). Failure to detect significant effects of windspeed for C. stonei may reflect limited captures of this species. Failure to detect relationships for C. (Selfia), C. wisconsinensis, and C. crepuscularis may indicate that flight activity does not change consistently with windspeed, at least until an upper Fig. 6 . Relationship between the proportion of positive sample periods and windspeed for four species of Culicoides. Points are calculated for data grouped by 1 km/h increments. Small circles have n ≤ 5, medium circles have 6 ≤ n ≤ 11, and large circlers have n ≥ 12. C. sonorensis, closed circles are for radiation ≤270 W/m 2 , open circles for radiation >270 W/m 2 . C. riethi: open circles are for temperature ≤15.8°C, closed circles for temperature >15.8°C. C. davisi and C. yukonensis were not grouped. Regression lines were calculated at mean values for temperature and solar radiation. threshold is reached. Upper windspeed thresholds were estimated in the range 15-23.3 km/h. Many workers noted windspeed thresholds ranging from 5.6 to 9.7 km/h (Bidlingmayer 1961; Kettle 1969a; Campbell and Kettle 1979a,b; Murray 1987; Carpenter et al. 2008b) , while others noted upper thresholds ranging from 13 to 24 km/h. (Shemanchuk 1972 , Lillie et al. 1987 . Our observations overlap with the upper end of these previous reports and may reflect our local conditions, the use of data from weather stations remotely located from the sites, and averaging values over the 3-h sample interval. This interval would contain periods of lower wind speed that would be more permissive for flight as well as greater gusts. Further work to more precisely define these flight thresholds in our area is necessary. The analysis we present gives an indication of levels of flight that can be expected based on readily available meteorological data.
Effects of temperature and windspeed were modified by interactions with solar radiation. These interactions have occurred in previous studies that indicate different effects of temperature and windspeed on flight depending on time of day (Campbell and Kettle 1979a) and reflect the fact that Culicoides species have greatly curtailed activity during daylight hours.
Despite the curtailed activity during daylight hours, it seems that adding CO 2 to BL traps offers relatively minor advantages compared with sampling using BL traps alone. The addition of CO 2 does increase the number of species captured slightly and can detect rare species that might be missed if BL traps exclusively were used. Addition of CO 2 also increases the number of individuals captured, but this advantage may be lost in areas with low abundance as might be expected at the limits of species distribution. Therefore, the use of BL0 traps for biodiversity studies and studies of a species distribution is supported, providing the traps are left in the field for sufficient time. The association between numbers captured by BL0 and BL + CO 2 traps also suggests that BL0 traps alone may provide as useful measures of relative abundance as BL + CO 2 traps for C. sonorensis, C. davisi, and C. riethi, again providing the BL0 traps are left to operate for some period. This is especially true given their relative convenience of use. The lack of correlation among BL0 traps and BL + CO 2 traps for the remaining species may reflect either low numbers captured or a lack of correlation, and more work should be conducted to explore this. There appears to be some advantage to using BL0 + CO 2 traps for studies of diel activity compared with using BL traps alone. However, the relationship of these trap types to biting rates on animals also need to be considered in future work.
